Background: Animal spinal cord injury (SCI) models have proved invaluable in better understanding the mechanisms involved in traumatic SCI and evaluating the effectiveness of experimental therapeutic interventions. Over the past 25 years, substantial gains have been made in developing consistent, reproducible and reliable animal SCI models. Study design: Review. Objective: The objective of this review was to consolidate current knowledge on SCI models and introduce newer paradigms that are currently being developed. Results: SCI models are categorized based on the mechanism of injury into contusion, compression, distraction, dislocation, transection or chemical models. Contusion devices inflict a transient, acute injury to the spinal cord using a weight-drop technique, electromagnetic impactor or air pressure. Compression devices compress the cord at specific force and duration to cause SCI. Distraction SCI devices inflict graded injury by controlled stretching of the cord. Mechanical displacement of the vertebrae is utilized to produce dislocation-type SCI. Surgical transection of the cord, partial or complete, is particularly useful in regenerative medicine. Finally, chemically induced SCI replicates select components of the secondary injury cascade. Although rodents remain the most commonly used species and are best suited for preliminary SCI studies, large animal and nonhuman primate experiments better approximate human SCI. Conclusion: All SCI models aim to replicate SCI in humans as closely as possible. Given the recent improvements in commonly used models and development of newer paradigms, much progress is anticipated in the coming years. Spinal Cord (2014) 52, 588-595; doi:10.1038/sc.2014.91; published online 10 June 2014
INTRODUCTION
Spinal cord injury (SCI) models have proved indispensible not only for investigating the efficacy of therapeutic interventions but also for better understanding the molecular pathways involved. SCI models have evolved significantly over the past century since Allen developed the first weight-drop contusion model in 1911. 1 SCI models aim to recreate features of human SCI as closely as possible. These models vary in terms of the animal utilized, site of injury infliction and injury mechanism.
Rats are used most commonly in preliminary studies as they are relatively inexpensive, readily available and have demonstrated similar functional, electrophysiological, and morphological outcomes to humans following SCI. 2 Mice are particularly useful for genetic studies. 3 Nonhuman primate SCI models-including marmosets, macaques and squirrel monkeys-better approximate human SCI than rodent models, and they accommodate assessment of multiple recovery variables and rehabilitative therapy. 4 New world primates like marmosets confer advantages over old world primates as they are smaller, easier to handle, have a higher breeding efficiency and can be bred in experimental colonies. SCI models that incorporate large animals-such as pigs or dogs-can also be used when it is important for further validation of experiments.
Though most studies have induced a thoracic-level injury, recent research has also focused on cervical-level injury models because of their clinical relevance. 5 Human SCIs commonly occur at the cervical level, especially following nonpenetrating trauma such as sport injury and motor vehicle accident. These models result in distinct neural deficits than thoracic injuries and should be considered in terms of therapeutic approaches. 5 Lumbar-level SCI models have also been described, although less commonly. 6 Based on the mechanism of injury, SCI models can be classified as contusion, compression, distraction, dislocation, transection or chemical. Contusion models, in which a transient force is applied to displace and damage the spinal cord, include weight-drop, electromagnetic and air pressure devices. Compression models are characterized by compression of the spinal cord over an extended period of time. Distraction models apply opposing traction forces to stretch the spinal cord, whereas dislocation models inflict injury by lateral displacement of vertebra. Transection involves partial or complete severing of the spinal cord at a particular level. Finally, chemicalmediated SCI models investigate specific aspects of the secondary damage sequence. This review provides an overview of current in vivo animal SCI models and recent developments in the field. electromagnetic impactors and a recently described air gun device (Figure 1 ).
New York University (NYU)/Multicenter Animal Spinal Cord Injury Study (MASCIS) impactor
The NYU impactor was first developed and described by Gruner in 1992. 7 The injury procedure involves performing a laminectomy at the targeted level and stabilization of the spinal cord by means of clamps. A rod of specific weight, usually 10 g, is dropped from a precise height above the surface of the cord to induce SCI of defined severity. Key parameters such as height, time, velocity upon impact and cord compression are recorded digitally that enable experiments to be analyzed and discarded if out of desired range.
The NYU impactor was adopted for use in the MASCIS, and renamed the MASCIS impactor. This study group recommended standardization of conditions that included the use of Long Evans rats that are 77±1 days old, a pentobarbital dosage of 45 and 60 mg kg À1 for females and males, respectively, and infliction of injury 60 ± 1 min after induction of anesthesia. 8 Because of practical considerations, however, strict adherence to these recommendations is challenging.
Two newer versions of the MASCIS impactor have been introduced. The MASCIS II incorporates an electromagnetic push-button weight release mechanism. However, the MASCIS II does not interface with the computer, and hence digital recording of parameters is not possible. The MASCIS III, introduced in 2012, combines aspects of the two prior iterations of the device, including digital data recording and electromagnetic weight release. The improved vertebral clamping system of the MASCIS III also helps minimize movements.
The MASCIS impactor was originally described using rats, but has been modified for use in mice and marmosets. 4, 8 Although most of the literature involves thoracic-level injuries, the MASCIS impactor has been used to generate injury in the cervical spine in a rat model. 5 Weight-drop methods in the pig and dog that rely on similar principles as the MASCIS devices have recently been described. 9, 10 The MASCIS impactor is widely used and produces a validated and reproducible contusion injury in rat models. However, variability due to bouncing of the impactor rod on the spinal cord after initial drop 'weight bounce' , resulting in multiple impacts, has been of concern. Furthermore, duration of impact is not precisely controlled. As with all mechanical models, it is challenging to accurately control biomechanics to produce consistent and reproducible SCI.
Infinite horizon (IH) impactor
The IH device utilizes a force-controlled impact instead of weightdrop height or tissue displacement to inflict injury. A stepping motor interfaces with an external computer to apply a controlled impact. After laminectomy at desired injury site, a metal impounder inflicts injury, and an attached sensor directly measures the force between the impactor and the spinal cord tissue. This minimizes error introduced by specimen movement. When the predetermined force threshold is reached, the tip is automatically and immediately withdrawn, and the exact force transmitted is displayed. Thus, weight bounce phenomenon is not encountered. Three different injury severities (100, 150 and 200 kdyn) in the rat, inflicting injury at the T10 level, were first described. 11 The IH impactor has also been utilized to generate SCI in the cervical spine, Figure 1 (a) Photograph of infliction of a contusion-type SCI on a rat model using MASCIS Impactor. After laminectomy is performed at selected level, the spinal column is stabilized using a clamp system and an impactor is used to apply injury of desired severity. Spinal cord injury models T Cheriyan et al and the device can be modified for usage with smaller rodents such as mice by simply replacing the impacting tip with a smaller one. 12 A limitation observed is the variability in firmly holding the spinal column using the clamps provided with the IH device, and some researchers have developed custom-built clamping systems to overcome this. 13 Although subtle movements should not theoretically influence injury mechanics of the force-controlled impactor, inconsistent parenchymal injury and functional deficits do occur.
Ohio State University (OSU) impactor Originally developed in 1987 in the rat model, the OSU impactor was refined in 1992 to improve injury reproducibility. 14 The procedure involves laminectomy at the target level and spine stabilization using clamping. Similar to the IH impactor, the OSU device uses a computer feedback-controlled electromagnetic impactor. When triggered, a probe contacts and displaces the cord 30 mm to provide a replicable starting point. Then, the instrument compresses the cord a predetermined distance, generally between 0.8 and 1.1 mm, for a set amount of time, B4 to 5 ms. The OSU device avoids multiple strikes, as the impounder is actively withdrawn.
The OSU impactor measures force transmitted to the spinal cord and cord displacement, which allows for exclusion of suboptimal injuries. The device was modified in 2000 to study SCI in a mouse model. 3 As with the MASCIS and IH devices, the OSU impactor has recently been used to induce injury in the cervical spine of the rat. 15 A limitation of the device is that it is sometimes challenging to determine the zero distance for the impactor as the spinal cord and cerebrospinal fluid is displaced slightly when initially loaded.
Air gun impactor
The air gun impactor is a new contusion device that was developed in 2012 as a rat model. 16 It produces SCI using a precisely directed highpressure stream of air. The T10 vertebra is stabilized by affixing clamps to the adjacent vertebrae. A dental drill is then used to make a 2 mm diameter hole in the vertebral arch of target vertebra, through which the injector is inserted and positioned so that it touches, but does not put pressure on, the dura. The air 'shot' is then delivered. The pilot study created three experimental groups using 0.1 s shots of three different pressures, but the device also allows for a range of exposure times (up to 15 min).
The results of SCI were analyzed using magnetic resonance imaging, histology and multiple behavioral assessments. For the most part, graded injury was successfully produced. However, one notable exception was in the locomotor assessment: the differences between the moderate injury and severe injury groups and the control and mild injury groups were not statistically significant. Lack of precise injury quantification will require further validation on the reliability, and reproducibility of the model.
COMPRESSION MODELS
Compression models are distinct from contusion models in that they involve prolonged cord compression. Some of these models are, in fact, contusion-compression models that involve an acute impact followed by persisting compression of the cord. This mechanism is seen in SCI because of fracture dislocations and burst fractures.
Clip compression
The use of a modified aneurysm clip ( Figure 2A ) to generate SCI was first described in rats in 1978. 17 The procedure involves performing a laminectomy at the desired level of the spine. The clip is closed at specific force around the spinal cord, producing an acute injury, and is then left to compress the cord for a select amount of time, usually for at least 1 min, to produce an injury. Clips with a wide range of closing force are available, generating varying closure forces and therefore injury severities in the animal. A force of 50 and 35 g is used to produce a severe and moderate injury, respectively. The duration of clip application can also be varied to produce injuries of varying severity.
In rats, it has been shown to produce graded injuries in the thoracic spine in terms of both functional and histological outcomes. 18 In addition, the model has been used in the cervical and lumbar spine of the rat and also been adapted for use in the mouse. 19 In the murine model, a smaller aneurysm clip was utilized to produce injury in the thoracic spine that varied in grade with respect to both behavioral and histological outcomes. 20 Use of a modified vascular clip in the mouse was also recently shown to be effective. 21 A spring-loaded clip has also been utilized to induce injury in the thoracic spine of pigs. 22 The advantages of clip compression are that it provides a compression-contusion model that is relatively inexpensive, generates SCI of varying severity and is adaptable for use in all regions of the spine. Although simplicity allows for adaptability, the only injury parameters that are obtained are the calibrated closing force of the clip and the duration of compression. Thus, velocity of the clip upon contact with the cord, actual force delivered and extent of cord compression are not accounted for.
A clip compression technique can also be used to occlude the blood supply to a specific cord segment for a specific length of time to inflict ischemia/reperfusion-type SCI. Clinically, the model approximates iatrogenic SCI that may occur during surgeries like those on the thoracic aorta. The model can also be created using a balloon inflation technique and direct ligation of the vessel. 23, 24 Calibrated forceps compression Forceps compression was developed to circumvent some of the biomechanical issues associated with contusion models to produce a reliable model. The use of calibrated forceps ( Figure 2B ) to deliver SCI was first described in 1991 in the guinea pig. 25 Following laminectomy at the T13 level, a pair of forceps is compressed around the spinal cord to a specific width, using a spacer, for a select duration. A similar method has been used in rats, also in the lower thoracic spine, and injuries of a range of severities were inflicted by using different compression widths. The technique was adapted for use in mice, and has shown to be capable of producing graded SCI. 26 Although forceps technique is a simple and inexpensive SCI model, it lacks the acute impact component that clip compression and contusion paradigms possess. Forceps compression therefore does not simulate an important aspect of the most common human SCI mechanisms and this makes it much less common than other injury models.
Balloon compression
This method was first described in 1953 in dogs. 27 Generally, balloon compression involves the insertion of a catheter with a small, inflatable balloon affixed to its end ( Figure 2C) into the epidural or subdural space. 28 The balloon is then filled with saline or air to a fixed volume that compresses the spinal cord. The balloon is deflated after a specific duration. Preparation may involve laminectomy at the desired lesion site, or merely laminotomy at a location caudal to this site. Injury can be graded by varying the inflation volume, duration of compression or both.
Though rat models have been used extensively, the procedure has been refined in dogs, rabbits and primates. [29] [30] [31] The advantages of the model are that it is relatively inexpensive and requires minimal surgical preparation. However, like the forceps compression model, balloon compression typically lacks the acute component of SCI. Rapid inflation of the balloon may add some level of this type of trauma; however, with no monitoring of velocity or force delivered, it would be difficult to standardize the initial impact. The balloon compression model is less commonly used than the contusion or clip compression models.
Spinal cord strapping
Spinal cord strapping is a novel SCI technique that uses a mechanical device that the developers have termed SC-STRAPPER( Figure 2D ). 32 The procedure involves the insertion of a curved surgical needle with suture attached into one side of the animal. The suture is then wrapped around a particular level of spinal cord in the epidural space and brought back through the skin on the other side of the rat. One end of the suture is affixed to the wall of the experimental device and the other is attached to a suspended mass via a simple pulley. When the mass is allowed to drop, compression is initiated, and it is allowed to continue for 1 min. The investigators utilized three different masses to inflict mild, moderate and severe injuries in the rats. Results showed the injuries to be graded in terms of both functional and histological outcomes. 32 The technique is advantageous in that it is a comparatively noninvasive method that does not require laminectomy or cause bleeding, and it has reported a 100% survival rate. 32 The device also provides compression on all sides of the cord, not just in the dorsoventral or lateral direction, and is capable of producing graded injury pattern.
However, the consistent reproducibility of injury at precise site and extend are still to be proven. Although the force of compression can be estimated based on the weight of the mass, other parameters related to the injury can neither be measured nor controlled.
DISTRACTION MODELS
Distraction models of SCI involve controlled stretching of the cord aiming to simulate the tension forces experienced by the cord in SCI. 33 Injuries of this type have been investigated in cats, dogs, monkeys and pigs. However, sophisticated and reproducible modeling of this process has been developed only recently and is an area of active research.
Harrington distractor
In 2004, Dabney et al. 34 detailed the use of this device to inflict thoracic SCI in rats. The procedure involves laminectomy at the intended injury location, followed by the placement of modified Harrington hooks under the laminae of the vertebrae one level caudal and one level rostral to the injury target. These hooks are connected to a computer-controlled stepping motor that is used to control the length, speed and duration of distraction. Distraction length of 3, 5 and 7 mm produced mild, moderate and severe SCI when the facet capsular ligament was severed. However, a major limitation in this . After laminectomy at the desired level of the spine, the clip is closed at specific force around the spinal cord to produce an acute injury. The force of clip closure and duration of application can be varied to produce injury of varying severity. (B) Schematic diagram of calibrated compression forceps with spacer. Following laminectomy, a pair of forceps is compressed around the spinal cord to a specific width, using a spacer, for a select duration to produce spinal cord injury. The width and duration of compression can be modified to inflict to generate desired injury severity. (C) Balloon compression involves the insertion of a catheter with a small, inflatable balloon affixed to its end passed through a laminectomy or laminotomy caudal to the injury site. Injury can be graded by varying the inflation volume, duration of compression or both. (D) Schematic diagram of spinal cord strapping technique. A curved needle is inserted through the intervertebral foramen and the epidural space to encircle the spinal cord anteriorly and then the needle is inserted through the contralateral intervertebral foramen and back to the skin to wrap the suture around the cord. One end of the suture is affixed to the wall of the experimental device and the other is attached to a suspended mass via a simple pulley. When the weight is dropped, compression is initiated, and allowed to continue for an extended period of time (reprinted with permission from da Costa et al. 32 ).
Spinal cord injury models T Cheriyan et al model was the high variability within each injury grade. Furthermore, distraction speed was limited to 1 cm s À1 that may be too slow to simulate human injuries. Thus, although the Harrington distractor demonstrated the promise of distraction SCI models, it has not been validated.
University of British Columbia (UBC) multimechanism device
This novel injury device, which was developed in the rat, is highly versatile; it can inflict contusion, distraction and dislocation injury (Figure 3a) . 35 The device is capable of providing feedback on cord displacement or force transmitted following injury. The UBC device uses clamps that wedge beneath the transverse processes against the lateral masses of the vertebrae with firm support, allowing researchers to accelerate the device components to high velocities (up to 1 m s À1 ) without vertebral slippage during injury.
Aside from clamping, the UBC device's contusion technique is similar to that implemented by the OSU and IH impactors. For distraction, C3 and C4 are jointly clamped and stabilized while another clamp holding C5 and C6 is accelerated caudally, held stationary for 1 s at maximal displacement, and returned to its initial position. Finally, for a dislocation injury, an identical clamping arrangement is used, but the clamp holding C5 and C6 is accelerated dorsally instead of caudally to generate SCI. The investigators were able to inflict moderate and severe SCI by manipulating displacement as the independent variable.
The UBC device is capable of inflicting high-speed distraction SCI, and creates an injury that simulates vertebral dislocation. However, further validation studies including locomotor studies are necessary.
University of Texas at Arlington (UTA) distractor
The UTA distractor (Figure 3b ) 36 aimed to inflict a bidirectional distraction SCI as compared with the unidirectional injury generated by the UBC device. The UTA distractor used custom clips that are affixed securely to the vertebral body. These clamps are attached to linear actuators that simultaneously distract two vertebrae (T9 and T11) caudorostrally. It is relatively noninvasive, as a laminectomy is not performed, and computer software is able to record the force delivered to the spinal cord during the injury. 36 Mild, moderate and severe injury was assessed based on a distance distraction of 3, 5 and 7 mm, respectively. They used electrophysiological, behavioral and histological outcomes to measure the grade of injury. A limitation of the device was the high variability and inconsistency in behavioral scoring. The UTA distractor also inflicts SCI at much lower speed (1 mm s À1 ) than the UBC device that may affect the extent to which it mimics human injury. The device is not commercially available and a newer, more advanced version of the UTA is being currently developed by the inventors.
DISLOCATION MODEL
Fiford et al. 37 developed a SCI device in rats that utilized a vertebral displacement mechanism to replicate column dislocation commonly seen in traumatic human SCI. The device consisted of two horizontal beams that can be attached the lateral surfaces of bodies of adjacent vertebrae by means of adjustable sliding clamps. One beam is rigidly fixed, whereas the other beam is used to laterally displace the lower attached vertebrae to a specified distance (1-20 mm) and speed (50-150 mm s À1 ) for a time period of 1 s. The investigators showed larger displacement resulted in greater degree of injury histologically.
Choo et al. 35 described a similar procedure to produce an anterior dislocation model where the vertebra is dislocated dorsally. The model attempts to closely reproduce the anterior fracture-dislocation injuries that are more commonly seen than later dislocations. The model is advantageous in that surgical exposure of the spinal cord is not required and the spinal column is intact. However, behavioral studies to characterize the model have not been performed and reproducibility of this model has yet to be proven.
TRANSECTION MODELS
Complete and partial transection models have been utilized extensively, particularly in tissue engineering, to investigate neuronal regeneration following injury (Figures 3a-c) . They are beneficial for assessment of axonal regeneration and subsequent functional recovery. However, these models are less ideal for investigating the complex pathophysiology involved in SCI because spinal cord transections are not common in clinical settings.
Full transection
A full transection model encompasses a complete disassociation between the caudal and rostral segments and is advantageous in its easy reproducibility. Following spinal cord severance, a complex pathophysiological cascade ensues that inhibits potential axonal regrowth and forms scar tissue (Figures 3d-g ). 38 It is also important to note that there is evidence to support native locomotive abilities in animals with a fully transected spinal cord because of inherent spinal cord circuitry. 39 Thus, in order to assure that natural or intervention-based recovery is truly determined by the Spinal cord injury models T Cheriyan et al transection, the cord should be retransected to observe loss of regained function. 40 Transection models, being relatively easy to perform, have been investigated in a variety of animals including rats, mice, cats, dogs and primates. 41 Partial transection Partial transection, unilateral transection and hemisection of the spinal cord all refer to the process of selectively lesioning the spinal cord (Figures 3a-c) . These models simulate an injury more likely to be seen clinically than complete transection and provide for comparison between injured and healthy fibers in the same animal. For instance, hemisection may be used to examine locomotor function and recovery in different spinal tracts or to compare deficits in function when comparing contra-and ipsilateral lesions. The technique has also recently been used to investigate nerve grafting, a potentially promising surgical treatment for SCI. 42 In addition, given that hemisection results in a less severe injury than complete transection, postoperative animal care is easier. 40 However, it is more difficult to inflict a consistent injury with a partial transection model, and it can be difficult to determine whether the target tract is completely severed. This concern can be addressed with retrograde labeling or, more recently, somatosensory evoked potentials. 43 
CHEMICAL MODELS
Numerous models have been developed that use chemicals to mimic a specific aspect of the secondary injury cascade that follows traumatic SCI. These models are useful for investigating molecular mechanisms involved in SCI and the effect of various therapies on specific pathways. However, chemical models are less useful than other models in terms of overall approximation to SCI. Other limitations relate to the delivery and reproducibility of exact location, extend and characterization of the injury produced.
Photochemically induced ischemia models involve injection or direct application of a nontoxic photosensitive dye, like rose bengal and eythrosin, followed by irradiation of the area to be injured for select duration of time. 44 SCI models to approximate the excitotoxicity secondary pathway can be produced by injection of glutamate, aspartate, N-methyl-D-aspartate or kainate (a glutamate receptor agonist) at desired spinal cord level using microdialysis technique. 45 The administration of reagents, such as superoxide, hydroxyl radical and peroxynitrate, 46 has been utilized to generate reactive oxygen species (for example, free radicals) that ultimately cause oxidative damage to lipids and proteins, thereby damaging neurons. Inflammatory SCI can be induced by injection of zymosan, a yeast particulate that activates macrophages and thereby causes neuroinflammation. Injection of phospholipase A 2 has also been shown to initiate inflammation and cell tissue damage that are characteristic of traumatic SCI. 47 Chemical models of demyelination are useful for evaluation of therapies directed to enhance remyelination. These models include injection of ethidium bromide, lysolethicin, murine hepatitis virus, or a cocktail of myelin-specific antibodies and complement. Alternatively, Cuprizone can also be introduced in the animal's diet. In all cases, remyelination occurs spontaneously, but at different rates depending on the treatment. 48 Syringomyelia, which is characterized by fluid-filled cavity formation, occurs in up to 20% of SCI cases. Chemical technique to recreate this condition has been developed in rats and involves injection of a kaolin suspension or quisqualic acid at different sites with the spinal cord, including the parenchyma and central gray matter. 49 
CONCLUSION
Given the complexity of human SCI, no one model can encompass all aspects of injury. Each model aims to generate a consistent, easily reproducible and graded injury that mirrors SCI pathology in humans as closely as possible. Substantial progress has been made in the field over the past 20 years for improvement and refinement of existing models and the development of novel new paradigms. The general strengths and weakness of current SCI models have been summarized in Table 1 . Correlation between amount of axonal survival and maintenance of motor function after injury depends on injury model, species and method of behavioral assessment. 50 Although newer SCI models aim to better approximate human SCI in various aspects, these models require further improvement and validation. The optimal choice of model for a given study depends on the study goals, specific parameters and resources of the investigation.
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